[1] The East China Sea (ECS) is one of the largest continental shelves in the world; however, the role that biota plays in the carbon fluxes of this shelf ecosystem is still obscure. To evaluate the organic carbon balance and the roles played by planktonic communities in organic carbon consumption, two cruises with stations covering almost the entire shelf were conducted during the high productivity and high river flow season of the ECS in June (the early summer) and August (the middle summer) 2003. Results showed that biological activity was significantly higher in the early summer. To flourish in the early summer, plankton need a significant fluvial input of dissolved inorganic nutrients and organic matter from the Chinese coast, especially from the Changjiang (aka Yangtze River), might be one of the main driving forces. Further analysis showed that most planktonic community respiration (PCR) could be attributed to phytoplankton and bacterioplankton, which accounted for over 96% of the total planktonic biomass (in carbon units) in summer. This might partially explain why mean PCR was higher in June ($114 mg C m À3 d À1 ), with higher phytoplankton biomass, than in August ($40 mg m À3 d
Introduction
[2] Even though the continental shelf covers less than 8% of the total ocean surface area [Sverdrup et al., 1942] , many studies have emphasized its relative importance on global carbon cycling processes [e.g., Walsh, 1991; Wollast, 1998 ]. For example, Walsh [1991] states that total primary production on shelf regions could be as important as that in the ocean interior, and Wollast [1998] estimates about one fifth to one third of the global marine primary production takes place in these coastal ecosystems. Shelves therefore are potential sinks for large amounts of organic carbon [Longhurst et al., 1995; Walsh et al., 1981] . In addition, substantial organic carbon is input from the continent into the coastal and shelf ecosystems [e.g., Moran et al., 1991; Smith and Hollibaugh, 1993] . Geological data, however, shows that large areas of the continental shelves do not accumulate any organic matter under present-day conditions [de Haas et al., 2002, and references therein] . Many studies also reveal that many coastal and shelf regions might be net heterotrophic, or acting as atmospheric CO 2 sources, especially in less pro-ductive areas [e.g., Borges, 2005; Borges et al., 2005; Duarte and Agustí, 1998; Smith and Hollibaugh, 1993] . This suggests that whether the continental shelf is an atmospheric CO 2 sink or source depends on riverine carbon inputs together with local hydrographic and sedimentological conditions [de Haas et al., 2002] .
[3] The East China Sea (ECS) is one of the largest continental shelves in the world. Significant amounts of dissolved inorganic nutrients and organic matter are introduced from riverine runoff, especially from the Changjiang River, and from the upwelling of Kuroshio waters into the ECS [Cauwet and Mackenzie, 1993; Liu et al., 2003] . High biological productivity with seasonal and spatial variation has, thereafter, been enhanced by abundant allocthonous substrates in the ECS [Gong et al., 2000 ], which in turn draws down the concentration of dissolved CO 2 through the biological pump. Remarkable CO 2 sinks ($1.2 -2.9 mol m À2 yr À1 ) have been measured in the ECS shelf using air-sea difference in f CO 2 [Peng et al., 1999; Tsunogai et al., 1999; Wang et al., 2000] . Interestingly, even though a high sedimentation rate was observed in the ECS, organic carbon concentration in the sediment was not as high as expected, with values of 0.0 -0.9% [Lin et al., 2002 [Lin et al., , 2000 . This indicates that a tremendous amount of organic carbon should be consumed and/or exported to reduce its deposition in this shelf ecosystem [Oguri et al., 2003] . Indeed, Shiah et al. [2000a] estimated that bacterioplankton might consume carbon equivalent to all the in situ particulate primary productivity in the ECS. C.-C. Chen et al. [2003] suggested that, to support this net heterotrophic system in autumn in the ECS, in addition to in situ primary production, allocthonous organic carbon supplies from fluvial inputs and sediment resuspension should be important. However, related studies on the carbon cycling process, especially the role of biota, in the ECS are too rare to draw any conclusion [C.-C. Chen et al., 2003; Liu et al., 2000a] .
[4] To fill the gap, we examined how biological production and remineralization of organic matter contributed to the carbon cycling process on two cruises, in June and August, during the high riverine runoff and productive season in the ECS. Comparison between different sampling periods of physical and chemical hydrographs, and biological activities were completed to understand the potential causes for temporal and spatial variations. Planktonic community respiration was then regressed against total planktonic biomass (in carbon units) and estimated using individual biological variables (i.e., biomass of phytoplankton, bacterioplankton and protozoa) to understand how carbon consumption could be attributed to various components. To ascertain the role played by biological activity on carbon balance, the ratios of primary production to community respiration (i.e., the P/R ratio) were examined and compared to the air-sea difference in f CO2 data.
Materials and Methods

Study Area and Sampling
[5] This study is part of the Long-term Observation and Research of the East China Sea (LORECS) program. Samples were collected on board R/V Ocean Researcher I in June (18 -26 June) and August (13 -23 August) 2003, with a total of 21 and 35 stations in the ECS, respectively (Figure 1 ). Using Teflon coated Go-Flo bottles mounted on a General Oceanic rosette assembly, seawater at each station was collected at 6 to 10 depths, at intervals of 3 to 50 m depending on water column depth at each station. Subsamples were taken immediately for further analysis (i.e., nutrients, chlo- rophyll a, bacterial abundance, and protozoan abundance) and on board incubations (i.e., primary production, bacterial production, and plankton community respiration).
Underway pCO 2 Measurements
[6] The pCO 2 underway system with non-dispersive infrared detection (LI-COR CO 2 detector) was used to determine the pCO 2 of surface water and overlaying air on a continuous basis [Wanninkhof and Thoning, 1993] . The seawater sampling, gas CO 2 equilibrator and detection systems are all computer controlled. When in operation, uncontaminated seawater is drawn from intake at the bow approximately 5 m below the water line, to a shower head equilibrator located in the main laboratory. There the headspace and seawater reach equilibrium on a short time. At specific times during each hour, the content of the headspace is measured by an infrared CO 2 analyzer. Uncontaminated air from the marine boundary layer is drawn continuously from the bow mast to the underway pCO 2 system. At a designated time, air is analyzed by an infrared CO 2 analyzer, otherwise the air is bled off through a vent. Precision achieved with this method is ±0.1 matm. The system is fully automated and uses standards from NASA or NIST. The system operates automatically, from the start of the sampling procedure, including the standard calibration, through the completion of sample analysis on board.
Hydrographic and Optical Measurements
[7] Temperature, salinity and density were recorded throughout the water column with a SeaBird CTD. Photosynthetically active radiation (PAR) was measured throughout the water column with an irradiance sensor (4p; QSP-200L). Total downwelling scalar irradiance above the sea surface was measured continuously with a separate irradiance system (QSP 160) equipped with a surface 2p steradian hemispherical scalar irradiance sensor (QSR-240). The depth of the euphotic zone (Z E ) was taken as the depth of 1% surface light penetration.
Nutrients, Chlorophyll a, and Particulate Organic Carbon
[8] Water subsamples for dissolved inorganic nutrient analysis (NO 3 À and PO 4 3À ) were collected from every sampling depth with 100 mL polypropylene bottles and were frozen immediately with liquid nitrogen. A custom-made flow-injection analyzer was used for nitrate and phosphate analysis [Gong, 1992] . Chlorophyll a (Chl a) concentration was measured with a Sea Tech fluorometer attached to the SeaBird CTD for a continuous profile of in vivo fluorescence, with data calibrated by in vitro fluorometry (Turner Design 10-AU-005) following acetone extraction [Parsons et al., 1984] . An average C:Chl value of 52.9, estimated from coastal and offshore waters of the ECS, was used for carbon conversion of phytoplankton [Chang et al., 2003] .
[9] A trapezoidal method was used to estimate integrated Chl a in the water column above the Z E , and this method was also applied to calculate integrated values for other variables (i.e., bacterial biomass and production, protozoan biomass, primary production, and plankton community respiration). Averaged Chl a concentration over Z E was estimated from the integrated value divided by Z E , and this calculation was also adopted with other variables.
Bacterial Abundance and Production
[10] Bacterial abundance and production were measured at all stations with samples taken from several depths within Z E . Bacterial abundance was determined by acridine orange epifluorescence microscopy [Hobbie et al., 1977] . Bacterial biomass was converted to carbon units using a conversion factor of 20 Â 10 À15 gC cell À1 [Lee and Fuhrman, 1987] . Bacterial production was estimated by 3 H-thymidine incorporation for 2 hours' incubation [Chen et al., 2005] , and converted with a thymidine conversion factor of 1.18 Â 10 18 cell mole À1 [Fuhrman and Azam, 1982] .
Protozoan Abundance
[11] Samples for protozoan abundance were collected from several depths within Z E . Samples were fixed with neutralized formalin (2% final concentration) and then stored in the dark at 4°C for subsequent microscopic examination [Chiang et al., 2003] . Samples were identified and counted using an inverted epifluorescence microscope (Nikon-Tmd 300) at 200 Â or 400 Â magnification. The cellular carbon of heterotrophic nanoflagellates (HNF) was converted using a factor of 4.7 Â 10 À12 gC cell À1 [Charpy and Blanchot, 1998 ]. Cellular carbon of ciliates was calculated from standard geometric shapes and a conversion factor of 190 Â 10 À15 gC mm À3 [Putt and Stoecker, 1989] .
Primary Productivity
[12] Primary production was measured by the 14 C assimilation method [Gong et al., 1999; Parsons et al., 1984] . Water samples were collected from 3 depths within Z E at selected stations. Samples were pre-screened through 200-mm woven mesh (Spectrum), and inoculated with H 14 CO 3 À (final conc. 10 mCi mL À1 ) in 250-mL clean polycarbonate bottles (Nalgene). Samples were incubated on board for 2 -4 hours in chambers filled with running surface seawater and illuminated by fluorescent bulbs with a light intensity corresponding to the in situ irradiance levels [Gong et al., 1999] . Following retrieval, samples were filtered on GF/F filters and acidified overnight after the addition of 0.5 mL 2N HCl. After immersion in 10 mL scintillation cocktail (Ultima Gold, Packard), total activity on the filter was counted in a liquid scintillation counter (Packard 2700TR). To estimate the euphotic zone-integrated primary production (IP) at stations where incubation was not performed, empirical function as following was used,
where C S , P opt B and K d were the sea surface chlorophyll a concentration, optimal photosynthetic efficiency and the mean attenuation coefficient within Z E , respectively (please refer to Gong and Liu [2003] for details).
Plankton Community Respiration (PCR)
[13] The PCR was measured as dissolved oxygen (O 2 ) decreasing in dark incubation. Duplicate samples were taken from several depths within Z E . Treatment samples were siphoned into 350-mL biological oxygen demand bottles. The treatment involved incubating bottles for 24 hours in a dark chamber filled with running surface seawater [C.-C. Chen et al., 2003] . Concentration of O 2 was measured by a direct spectrophotometry method [Pai et al., 1993] . The precision of the method may be indicated by the root-mean square of the difference between the duplicate samples over the course of this study, which is 0.04 mg L
À1
. The difference in O 2 concentration between initial and dark treatment was used to compute the PCR. To convert respiration from oxygen to carbon units, a respiration quotient (RQ) of 1 was applied [Hopkinson, 1985; Parsons et al., 1984] .
Results and Discussion
Hydrographic Patterns in the East China Sea
[14] The shelf ecosystem of the East China Sea is subject to strong physical and chemical forcings. The forcings include: the alternating monsoons in winter and summer, a large amount of carbon-laden river runoff from the west, intrusion and upwelling of the Kuroshio surface and subsurface waters from the east, the very cold Yellow Seawaters coming from the northern in winter, and the warm oligotrophic waters from the Taiwan Strait waters from the southern extremity [e.g., Liu et al., 2003] . Regardless of this complexity, a general physical distribution pattern has been observed year round, i.e., low temperature and salinity in the inner shelf and high temperature and salinity on the slope [Gong et al., 1996; Tseng et al., 2000] . Spatial and temporal deviation of sea surface temperature (SST) and salinity in the ECS is predominantly contributed by the coastal river discharge, especially from the Changjiang (Yangtze) River, and the largest variation was observed during high river flow periods in late spring to early summer [Chen et al., 1994; Tseng et al., 2000] . Spatially, our results of SST and surface water salinity indeed showed an increasing trend from the inner shelf to the slope in the ECS (Figure 2 ). Larger spatial variations for SST and salinity were observed in the early summer (i.e., June) than in the middle summer (i.e., August) ( Table 1) . Values of both SST and salinity in June were in the ranges 18. 95°-26.66°C and 26.98 -33.83 , respectively (Table 1 and Figures 2a and 2b ). Values of both SST and salinity were significantly higher in August than in June, (Table 1 and Figure 2c and 2d). This indicated that more dilute waters discharged from China's coast onto the ECS shelf ecosystem during the early summer.
[15] Surface contours of dissolved inorganic nutrient concentration (i.e., nitrate and phosphate) revealed a similar trend in salinity distribution during both periods with the exception of phosphate in August, i.e., nutrient concentrations in the surface waters were higher along the inner shelf, and they were usually depleted in the slope (Figures 2 and 3) . A similar distribution pattern has been observed in previous studies [e.g., Gong et al., 1996 Gong et al., , 2003 ]. These inverse relationships can be shown to be significant using linear regression between nutrient concentrations and salinity in the surface waters (all p < 0.001 for nitrate, and p = 0.002 for phosphate in June). The inverse relationship was also observed between silicate concentration and salinity (data not shown). They all suggest that nutrients follow a dilution pattern with riverine runoff as a major nutrient source in this surface plume ecosystem on the shelf. In June, concentrations of nitrate and phosphate in the surface waters were in the range of 0.8 -20.1 mM (mean ± SD value = 5.2 ± 6.2 mM) and 0.03-0.62 mM (mean ± SD value = 0.19 ± 0.17 mM), respectively (Table 1 and Figure 3 ). Concentrations of nitrate and phosphate were significantly lower in August, and they were in the range 0 -10.5 mM (mean ± SD value = 1.0 ± 2.1 mM) and 0-0.25 mM (mean ± SD value = 0.07 ± 0.07 mM), respectively (Table 1; Figure 3 ). Both spatial distribution and temporal variation of nutrient concentrations all suggested that the source of nutrients is the riverine runoff from China's coast. Several different water masses have been observed and included as nutrient sources for the ECS. Among these, riverine discharges from China's coast and the upwelling of Kuroshio subsurface water have been suggested as major sources [e.g., Liu et al., 2003 Liu et al., , 2000b . Sequential biological responses may thereafter be enhanced following the intrusion of coastal diluted waters or subsurface water enriched with nutrients or organic matter (see below).
Planktonic Activity During the Summer Periods
[16] To understand the spatial and temporal variations of different variables in the ECS, biological components (i.e., biomass and rates) were compared between June and August. In June, the mean values of mixed-layer depth (M D ) and euphotic depth (Z E ) were 28.2 ± 18.9 m and 37.7 ± 19.9 m, respectively ( Table 2 ). The mean value of M D is smaller than Z E in June, but was not significant. The M D was significantly shallower than Z E in August with mean ± SD values of 20.9 ± 7.5 m and 58.4 ± 21.2 m, respectively (Table 2 ). On average, the M D was shallower than Z E during summer periods in the ECS. In addition, since most of the biological variables were measured within Z E , both biomass and rate were therefore integrated over Z E for further comparison.
[17] For the primary producer, it has been reported that both biomass and primary production (PP) varied temporally and spatially in the ECS [Furuya et al., 2003; Gong et al., 1996; Gong and Liu, 2003; Gong et al., 2003] . These studies also showed that the highest PP and biomass of phytoplankton were observed in summer in the inner shelf of northwest ECS with mean values of about 1000 mg C m À2 d À1 and 3.3 mg Chl m À3 , respectively [Gong and Liu, 2003; Gong et al., 2003] . Surface Chl a concentrations showed similar distribution patterns in this study (Figure 4) , and values were significantly higher in early (3.64 ± 4.81 mg Chl m À3 ) rather than middle summer (0.39 ± 0.32 mg Chl m À3 ; Table 1 ). The depth-integrated Chl a values were also significantly higher in early rather than middle summer; the same result holds true for the averaged values in the euphotic zone ( shallower in June than in August, it therefore can be expected that averaged Chl a values should be higher in June. Indeed, the mean ± SD value of averaged Chl a values were higher in June (3.8 ± 7.0 mg Chl m À3 ) than in August (0.5 ± 0.3 mg Chl m À3 ; Table 2 ). Since the higher phytoplankton biomass was observed in June, one would expect that the higher PP should be also observed in the same period. The averaged rate of PP was indeed significantly higher in June (mean ± SD value = 50.0 ± 64.2 mg C m À3 d
À1
) than in August (mean ± SD value = 9.9 ± 8.9 mg C m À3 d
; Table 2 ). The mean value of integrated PP rate was also larger in June (mean ± SD value = 1041 ± 1029 mg C m À2 d À1 ) compared to that in August (mean ± SD value = 460 ± 253 mg C m À2 d
), the difference of the integrated PP values was however on the margin of statistically significant (p = 0.06) between study periods (Table 2 ). This could be attributed to the deeper Z E observed in August than in June, and the expected increase in integrated PP values in August even though the average PP rates were lower in this period. The mean integrated rate in August approached the mean values (i.e., 515 mg C m À2 d
) observed from the same study area in summer in our previous study, but it's value in June was about two times higher than the previous mean value ]. The averaged rates of primary production ranged from 1.6 to 232.2 mg C m À3 d À1 in summer in the ECS (Table 2) . Those values were several orders of magnitude lower than the highest value (i.e., 747.2 mg C m À3 d À1 ) observed during a phytoplankton bloom along the coastal region in the ECS at the end of June 1998 [Chen et al., 2004] , and most of them were within the lower end of reported primary production in coastal ecosystems [Duarte and Agustí, 1998, and Tables 1  and 2 ). It has been suggested that nutrients may be one of the most important controlling factors for phytoplankton growth in the ECS [Gong et al., 1996; Harrison et al., 1990] . Phytoplankton biomass was linearly correlated with phosphate concentration in June (p = 0.01) and with nitrate concentration in August (p < 0.01) in this study. The mean ratios of N/P in both June and August were 22.8 ± 15.0 and 22.0 ± 14.8, respectively. This suggests that nutrients, especially phosphate, might regulate phytoplankton growth during the study periods. Growth of phytoplankton limited by phosphate has been observed in the ECS, especially in the Changjiang River plume [Chen et al., 2004; Gong et al., 1996; Harrison et al., 1990] . In this study, higher mean ratios of N/P were indeed observed in June (N/P = 44.1) and August (N/P = 38.2) at a number of stations (i.e., Sts. 19, 20, and 21) in the Changjiang River plume regions in this study.
[18] It is well known that microbial communities play important roles in organic carbon consumption in aquatic ecosystems [del Giorgio et al., 1997; Rowe et al., 1986] . In the ECS, C.-C. Chen et al. [2003] has shown that bacterioplankton consumed a significant amount of organic carbon in autumn, especially in the inner shelf. In this study, bacterial biomass in the surface waters was significantly higher in June than in August, and their biomasses were in the range of 11.8 -53.1 mg C m À3 (mean ± SD value = 22.4 ± 12.0 mg C m
À3
) and 1.3-20.8 mg C m À3 (mean ± SD value = 9.4 ± 5.7 mg C m À3 ), respectively ( Table 1) . The mean values of bacterial production in the surface waters were also higher in June (mean ± SD value = 6.8 ± 12.2 mg C m À3 d
À1
) than in August (mean ± SD value = 4.5 ± 3.4 mg C m À3 d
), but this was not statistically significant (Table 1) . Similar higher mean values in June were also found in the averaged bacterial production (Table 2) . Spatially, bacterial biomass in the surface waters was inversely correlated with temperature in June (p < 0.01) and with salinity in August (p < 0.05). Since temperature and salinity were positively correlated in either June (p = 0.002) or August (p = 0.043), this reveals that the spatial distribution of bacteria should show a similar trend in both study periods. Indeed bacterial biomass was higher in the inner shelf than in the middle to outer shelves of the ECS. The phenomenon was even more pronounced in the early summer when the mean bacterial biomass in the surface waters of the coastal regions was about 31.4 mg C m
À3
compared to values of 17.7 mg C m À3 in the middle to outer shelf regions. In addition to in situ carbon produced by phytoplankton, higher bacterial biomass in the inner shelf might be more related to growth induced by allocthonous organic carbon enriched by fluvial discharge from China's coast [C.-C. Chen et al., 2003; Shiah et al., 2003] . In all cases, higher bacterial biomass in June compared to August might be due to the combined effects of larger amounts of auto-and allocthonous organic carbon and higher nutrient concentration during the early summer. Shiah et al. [2003] also suggested that bacterial production was more regulated by substrate supplies during the warm season in the ECS. Phytoplankton biomass and dissolved inorganic nutrients were indeed significantly higher in June than in August ( Figures 3 and 4 and Tables 1 and 2 ). Unfortunately, neither dissolved nor particulate organic carbon was measured in this study. However, mean salinity in the surface waters was significantly lower in June than in August (Figures 2c and 2d and Table 1 ), and this implied that a larger amount of fluvial runoff occurred in the early rather than the middle summer. Allocthonous organic carbon input proportionate to river water discharge rate has been observed in the Changjiang estuary [Cauwet and Mackenzie, 1993] . This may be indirect evidence that a significant amount of organic carbon is transported from riverine discharge onto the shelf region during the early summer in the ECS.
[19] Besides primary producers and bacterioplankton, protista (i.e., heterotrophic nanoflagellates and planktonic ciliates) might also serve as an important component of organic carbon consumption in the shelf ecosystem of the ECS [C.-C. Chen et al., 2003] . In this study, the biomass of heterotrophic nanoflagellates (HNF) in the surface waters was in the range 0.06-0.97 Â 10 3 cells mL À1 and 0.02 -0.31 Â 10 3 cells mL À1 in June and August, respectively (Table 1) . The mean ± SD values of HNF were significantly higher in June (0.50 ± 0.22 Â 10 3 cells mL
À1
) than in August (0.09 ± 0.09 Â 10 3 cells mL
). The higher mean values in June compared to August were also observed in the integrated and averaged HNF. HNF have been shown to be the most important consumers of bacterioplankton in aquatic ecosystems [e.g., Sherr and Sherr, 1984] , suggesting that higher HNF abundance observed in June might be associated with higher food abundance (i.e., bacterioplankton) during this study period (Tables 1 and 2 ). Indeed, HNF abundance was significantly related to bacterial biomass in both surface waters and averaged values using the pooled data for analysis. The slope and r 2 values of linear regression between the abundance of HNF and bacterioplankton were 0.44 (slope = 0.31) and 0.35 (slope = 0.33) for the surface waters and averaged values, respectively (all p < 0.001). This indicated that growth of HNF was dependent on bacterial biomass during summer periods in the ECS.
[20] In this study, ciliate abundance was dominated by oligotrich ciliates, which accounted for over 90% of the total abundance in both June and August, while a small fraction was composed of mixotrophic ciliates. This result was somewhat different from our previous study, which showed that mixotrophic ciliates accounted for over 50% of total ciliates in the Changjiang River plume region in summer [Chiang et al., 2003] . However, our results indicated that the highest proportion of mixotrophic ciliates was observed in the plume region (i.e., St. 19), but only with fractions of 0.24 and 0.12 in June and August, respectively. Chiang et al.
[2003] also showed that seasonal ciliate abundance was highest in summer. Interestingly, the mean abundance of ciliates over the entire shelf of the ECS was comparable between this study (46.5 Â 10 4 cells m ). In this study, the biomass of total ciliates (TC) in the surface waters ranged from 0.12 to 15.49 mg C m À3 and 0.09 to 17.62 mg C m À3 in June and August, respectively ( Table 1) . The mean ± SD values of ciliates in the surface waters were significantly higher in June (2.93 ± 3.60 mg C m À3 ) than in August (1.98 ± 3.58 mg C m
À3
), also observed for integrated and averaged TC values. Chiang et al. [2003] has suggested that high TC abundance in summer might be associated with high bacterial production induced by significant amounts of allocthonous organic carbon discharge from China's coastal rivers, mainly the Changjiang River. Significant relationships were also evident between TC and bacterial production in the integrated and averaged values in June, with r 2 values of linear regression of 0.23 (p < 0.05) and 0.32 (p = 0.01), respectively. In August, rather than bacterial production, TC was linearly regressed with the integrated bacterial biomass (r 2 = 0.15; p < 0.05) and with averaged Chl a (r 2 = 0.26; p < 0.01). These results suggested that higher TC abundance in the early summer was supported by higher bacterial production induced by fluvial organic carbon supplies (see above for related explanation), however TC abundance was more associated with bacterioplankton supported by in situ primary production in the middle summer (i.e., August) when riverine discharge was relatively smaller.
Biotic Organic Carbon Consumption in the ECS
[21] Planktonic community respiration (PCR) provides an integrated measurement of the rate of biotic organic carbon consumption, integrating components including bacterioplankton, phytoplankton, planktonic protozoa, and zooplankton in aquatic ecosystems [Calbet and Landry, 2004; del Giorgio and Duarte, 2002; Hernández-León and Ikeda, 2005; Hopkinson et al., 1989] , with a mean ± SD value of 2864.7 ± 1332.9 mg C m À2 d À1 in June ( Figure 5a and Table 2 ). Spatially, the integrated PCR values were higher (i.e., >3500 mg C m À2 d À1 ) along the coast and in the northern part of the ECS (i.e., Sts. 6, 20, 22, 23) . In August, the integrated PCR ranged from 769.2 to 3747.1 mg C m À2 d
À1
(i.e., 11.9 -94.4 mg C m À3 d À1 ) in most stations, except St. 26, which had the highest value among all the measured stations, of 20782.9 mg C m À2 d À1 ( Figure 5b and Table 2 ). The extremely high PCR observed at St. 26 was mostly contributed to by jellyfish (Solmaris sp.). Overall, the integrated PCR was, on average, lower in August than in June, even though it was not statistically significant. Compared with our previous study, the integrated rate in August (mean ± SD value = 1973.1 ± 755.0 mg C m À2 d
) was slightly higher than that in autumn (mean ± SD value = 1443.3 ± 1269.2 mg C m [Biddanda et al., 1994; Williams, 1984] . Even though completed measurements of PCR were not available for seasons other than summer and autumn [C.-C. Chen et al., 2003] , all the physical (e.g., distribution patterns of temperature and salinity), chemical (e.g., nutrient concentration) and biological (e.g., planktonic biomass) hydrographs suggest that the highest rate of PCR should occur in summer, especially in the early summer in the ECS.
[22] To explore how planktonic communities contributed to PCR, the PCR was regressed against total planktonic biomass (i.e., summed biomass of phytoplankton, bacterioplankton, HNF, and TC). A significant relationship was found between PCR (mg C m À3 d
) and total planktonic biomass (mg C m À3 ), with slope and r 2 values of linear regression of 0.25 and 0.85, respectively (Figure 6 ). It should be noted that this linear regression was still significant (r 2 = 0.23; p = 0.002), even excluding the three highest data points. Among different planktonic communities, phytoplankton and bacterioplankton might be two of the most important components contributing to PCR since their biomass accounted for over 96% of total planktonic biomass. The contribution of protozoans to PCR might be minor since their biomass was only 3.6% of total planktonic biomass, and the specific respiration also tends to decrease with increasing organism size [Fenchel, 2005] .
[23] To further elucidate how biotic components contribute to PCR, the estimated PCR was derived from the estimated rates contributed by different planktonic communities (e.g., phytoplankton, bacterioplankton, and protozoan). Phytoplankton respiration was estimated using a biomass specific rate of respiration of 0.25 [Geider, 1992] . Bacterial respiration (R B ) was estimated using bacterial production (P B ; mg C m À3 d
) and assuming a 20% growth efficiency [del Giorgio et al., 1997] where bacterial growth efficiency is equivalent to (P B /R B + P B ). Respiration by protozoa was estimated using protozoan biomass (mg C m
À3
) and assuming a respiration rate of 45.6% of cell C d À1 [Stoecker and Michaels, 1991] . The estimated rate of PCR (mg C m À3 d
À1
) was therefore designed using summed rates of phytoplankton, bacterioplankton, and protozoan. Overall, the estimated PCR was significantly related to the measured rate with slope and r 2 values of linear regression of 0.84 and 0.71, respectively (Figure 7) . The estimated rate of PCR was dominated by phytoplankton and bacterioplankton with fractions of 39% and 57.5% averaged for both periods, respectively. The relative contribution, however, behaved differently between study periods. In the early summer, about 50% of the estimated rate of PCR was contributed by phytoplankton compared to 45% consumed by bacteria. Bacterioplankton contributed more than 65% of the estimated PCR in the middle summer, and phytoplankton respiration was ca. 35% of the estimated rate. The relative contribution by phytoplankton to PCR between periods can be explained by the quantity of phytoplankton biomass observed (Tables 1 and 2 ). This assumption can also be supported by significant linear relationships observed in different periods, in effect the PCR was significantly related to phytoplankton biomass (slope = 0.23, r 2 = 0.88, p < 0.001) and primary production (r 2 = 0.51, p < 0.05) in June and August, respectively. The positive correspondence between the PCR and phytoplankton biomass or primary production have been observed widely in marine ecosystems [e.g., Jensen et al., 1990; Robinson et al., 2002; Smith and Kemp, 1995] .
[24] In addition, bacterioplankton has been recognized as an important component of organic carbon consumption in many aquatic ecosystems [e.g., Chin-Leo and Benner, 1992; del Giorgio and Duarte, 2002; Griffith et al., 1990] . In the ECS, Shiah et al. [2000b] estimated that in situ particulate organic carbon production has been completely consumed by heterotrophic bacterioplankton. Our results indeed showed that more than 57% of the estimated PCR in summer was attributed to bacterial respiration. As stated above, the relative importance of bacterial respiration might be related to higher bacterial growth enhanced by allocthonous organic carbon during the higher river flow period in summer as well as in situ primary production [C.-C. Chen et al., 2003; Shiah et al., 2003] . Similar results were also observed in our previous study conducted in Autumn [C.-C. Chen et al., 2003] . The contribution of microbial grazers (e.g., protozoa) to PCR has also been estimated to be of the same order of magnitude as bacterial respiration in marine ecosystems [Calbet and Landry, 2004] . A relatively higher biomass of protozoa has indeed been observed in summer compared to other seasons in the ECS, in this and previous studies [Chiang et al., 2003] . The respiration rate contributed by protozoa to the estimated PCR was, however, relatively small compared to that contributed by phytoplankton and bacteria. This suggests that PCR might be dominated by both phytoplankton and bacterioplankton during summer in the ECS.
Community Metabolism and Ratio of Primary Production to Community Respiration
[25] The ratio of primary production to respiration (P/R ratio) has been used to examine whether an ecosystem is either autotrophic (i.e., P/R ratio > 1) or heterotrophic (i.e., P/R ratio < 1). To elucidate whether marine ecosystems is a sink or source for atmospheric CO 2 , all the other processes affecting air-sea CO 2 transfer have been considered. In this study, the ratio of integrated primary production (mg C m À2 d
À1
) to integrated PCR (mg C m À2 d À1 ) was used to explore organic carbon utilization between production and consumption in the ECS. Respiration in the water column below Z E and from sediment was not included in this estimation; therefore, the estimated P/R ratio will be larger than the true P/R value. In addition, it should also be noted that primary production may be underestimated, by as much as a factor of 2, if using the 14 C method which was applied in this study [e.g., Karl et al., 1998; Laws et al., 2000] . Results showed that the P/R ratios were less than 1 at almost all stations in this study, and their values were in the range of 0.05 to 2.12 (mean ± SD value = 0.51 ± 0.63) and 0.01 to 0.82 (mean ± SD value = 0.26 ± 0.19) in June and August, respectively (Figure 8 ). There were two stations (i.e., Sts. 5 and 19) in June with the P/R ratio > 1, and they were all with high primary productivity (>3500 mg C m À2 d
). The mean value of P/R ratio for pooled data was still <1 (i.e., 0.59) even after multiplying the primary production by a factor of 2 [Karl et al., 1998 ]. Low P/R ratio (i.e., <1) has been widely observed in coastal regions with low primary productivity [e.g., del Giorgio et al., 1997; Duarte and Agustí, 1998] suggesting that the shelf ecosystem of the ECS was net heterotrophic in summer. This heterotrophic ecosystem has also been observed in the same study area, but in a different season . Contrary results, indicating that the ECS is an atmospheric CO 2 sink, have however been observed based on sea-air difference of f CO 2 [Peng et al., 1999; Tsunogai et al., 1999; Wang et al., 2000] , and Tsunogai et al. [1999] estimated that the annual mean fugacity deficit of CO 2 in the surface water of the ECS is À55 ± 5 ppm (i.e., seaair difference). Interestingly, this annual mean value is similar to our mean ± SD value of À64.5 ± 61.3 ppm of sea-air (366.1 ± 2.1 ppm) difference of f CO 2 in June, even though highly heterogeneous distribution should be noticed. The fugacity of CO 2 dissolved in the surface water in June was in the range 140.4-372.2 ppm; with the mean ± SD value of 301.6 ± 61.0 ppm (Table 1) . The largest sea-air difference of f CO 2 was about 3 times ($À184 ppm) the mean values, which was the averaged value measure near the Changjiang plume stations (i.e., Sts. 19, 20, and 21) in June. This suggests that biological pumps indeed play an important role to reduce fugacity of CO 2 dissolved in the surface water. This assumption can also be supported from the significant relationship observed between the fugacity of CO 2 in the surface water and averaged Chl a concentration in June (Figure 9a) . Linear relationship between these two parameters was also significantly evident in August (Figure 9b ). The fugacity of CO 2 dissolved in the surface water was in the range 247.3 -405.8 ppm (mean ± SD value = 369.6 ± 37.2), which was higher than the atmospheric CO 2 (i.e., 359.5 ± 3.2 ppm) in August, and the mean ± SD of the sea-air difference of f CO 2 was 10.0 ± 37.5 ppm. The opposite results seen for sea-air difference of f CO 2 observed between the study periods might be attributed to the relative importance of different seasonal biological activities. The fugacity deficit of CO 2 in June can be partially explained by significantly higher phytoplankton biomass observed in the early summer (Tables 1 and 2 and Figure 9a ). In spite of the opposite results observed for the sea-air difference of f CO 2 , it should be noted these processes were mostly restricted to the surface water or within the shallow mixed layer ($34% of water depth) in the highly stratified water column during summer. However, the P/R ratio was low, with a mean value of 0.35 in this study, and this suggests that a tremendous amount of regenerated carbon should be stored or confined in the water column below the mixed layer in this shallow ECS shelf ecosystem. This therefore provides an important carbon stock in the system, and the fate of regenerated carbon might be relying on the further physical processes.
[26] To act as a mechanism for the absorption of atmospheric CO 2 in the ECS, Tsunogai et al. [1999] have proposed a new term ''Continental Shelf Pump.'' They suggest that the surface water in the shallow shelf, after releasing heat to the atmosphere, is cooled and absorbs CO 2 becoming dense water, which is transported into the subsurface layer of the open oceans. Tsunogai et al. [1999] also suggest that biological activity is not necessary for the pump, and even assert that the effect of the ''Continental Shelf Pump'' is lessened during the warm summer period. Our results, however, showed that biological activity is important for carbon cycling in the ECS, especially in summer. The regenerated carbon through planktonic respiration can therefore serve as an important stock, which can be transported into the subsurface layer of the Kuroshio water, the suggested route of the ''Continental Shelf Pump'' [Tsunogai et al., 1999] . In parallel, the dissolved inorganic carbon stored in the deeper water column could also diffuse into the atmosphere through turbulent mixing since the stratification of the water column in summer can be easily made unstable by physical disturbances such as typhoons or severe low atmospheric pressure. Tropical cyclones have frequently intruded into the ECS in summer; more than six typhoons were observed in summer, 2004 (http://www.weather.unisys.com/ hurricane/). High fCO 2 values have been measured in the surface water of the ECS shelf, especially after storms [Tsunogai et al., 1999] . All of them suggest that the dissolved inorganic carbon regenerated through the PCR process in the ECS could either act as atmospheric CO 2 sink or source, mainly depending on the following driving physical forces.
[27] To determine how primary production affects the P/R ratio, the ratios were plotted against integrated primary productivity (mg C m À2 d
). Results showed that the P/R ratio was significantly regressed against the integration of primary productivity (Figure 8 ). This indicated that the P/R ratio increased with increasing primary production, and this trend has also been evident in unproductive aquatic ecosystems [del Giorgio et al., 1997; Duarte and Agustí, 1998 ]. To drive the oligotrophic aquatic ecosystems toward net heterotrophy, Duarte and Agustí [1998] suggest that relatively low allocthonous carbon input into the systems should be sufficient. This assumption seems reasonable for the shelf ecosystem of the ECS with low in situ primary production, but which has a significant amount of fluvial supplies, including dissolved inorganic nutrients and organic mattes, from the Changjiang River and the Chinese coastal rivers.
Conclusion
[28] Seasonal peaks of planktonic community activity and high river flow have often occurred in late spring or early summer in the ECS [e.g., Chen et al., 1994; Chiang et al., 2003; Gong et al., 2003] . Similar rates and biomass of planktonic communities (i.e., phytoplankton, bacterioplankton, heterotrophic nanoflagellates, and ciliates) have also been measured in this study. This suggests that production and consumption of organic carbon observed during these study periods have profound impacts on carbon cycling, especially processes involving biota. Comparing both biomass and/or rate of planktonic communities, results showed that planktonic activities tended to be higher in early (i.e., June) rather than middle summer (i.e., August). Higher planktonic activities might be enhanced by substantial input of dissolved inorganic nutrients and organic carbon from Chinese coastal rivers, especially the Changjiang River. The difference was also evident on planktonic community respiration (PCR) between the study periods. The mean value of averaged PCR over Z E was higher in June with a value of 114 mg C m À3 d
À1
, compared to 40 mg C m À3 d À1 in August. Further analysis revealed that PCR was largely attributed to phytoplankton and bacterioplankton. This assumption was also evident using the estimated rate of PCR, but the relative contribution of the estimated PCR by phytoplankton and bacterioplankton behaved differently between the early and the late summer. In the early summer, phytoplankton contributed about 50% of the estimated PCR, while bacterioplankton was over 65% of the estimated rate in the middle summer. Even though protozoan biomass reached the highest mean value observed in summer, their relative contribution to PCR was trivial.
[29] The balance between organic carbon production and consumption was evaluated using the ratio of integrated rates of primary production and PCR (i.e., the P/R ratio). The P/R ratios were <1 at almost all stations with a mean ± SD value of 0.35 ± 0.41, and this indicates that the ECS shelf ecosystem was net heterotrophic. The data on the seaair difference of f CO 2 was however different between June and August with the mean ± SD of À64.5 ± 61.3 ppm and 10.0 ± 37.5 ppm, respectively. These processes were however more restricted to the surface water or within the shallow mixed layer in the highly stratified water column during summer. All these results suggest that there was a tremendous amount of carbon regenerated through biological activity stored in the deeper water column of the ECS shelf ecosystem. The dissolved inorganic carbon inventory could either be transported into the subsurface layer of the Kuroshio water or diffused into the atmosphere through turbulent mixing mainly depending on the prevailing physical conditions. This suggests that the paradox between atmospheric CO 2 sink or source in the ECS shelf ecosystem needs detailed exploration. Further analysis showed that the P/R ratio was significantly related to integrated primary productivity in this study, and most of the data set were within the low end of linear regression observed from pooled data of global marine ecosystems [e.g., Duarte and Agustí, 1998 ]. This suggests that trivial amounts of allocthonous organic carbon would be sufficient to support a heterotrophic ecosystem with low in situ primary production.
